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Among the different types of angular position sensors, magnetic sensors are mostly widely used because of their combined features of contactless detection, robust performance and low cost. A typical magnetic angle detection setup consists of a magnet fixed on a rotary shaft to generate a time varying magnetic flux and a stationary magnetic sensor to detect the flux 3 . Depending on whether it detects the time derivative, magnitude or direction of the magnetic flux, the sensor can be categorized into three major types, i.e., inductive, Hall effect and magnetoresistance (MR) sensors. Each type of sensor has its own advantages and drawbacks. For example, the inductive sensor is robust and highly resistant to harsh environment, but at the same time, it tends to be bulky and more expensive as compared to Hall and MR sensors. Hall sensors, which are currently dominant in automotive applications [4] [5] , are low cost, but they have a moderate sensitivity at low field and a relatively large thermal drift. The MR sensors, including anisotropic magnetoresistance (AMR) sensor [6] [7] [8] , giant magnetoresistance (GMR) sensor and tunneling magnetoresistance (TMR) sensor [9] [10] , fill up nicely the gap between Hall and inductive sensors in terms of field sensitivity, detection accuracy and cost. The MR sensors have been developed as read sensors for data storage applications. However, when properly configured, these sensors can produce a sinusoidal output signal with respect to the external field direction at saturate state; and therefore, they function naturally as an angular position sensor. Although the operation principle is simple, dedicated designs and fabrication processes are required in order to obtain distortionfree sinusoidal output signals; and therefore, they tend to be more expensive than Hall sensors.
Here we report a very simple angular position sensor based on the recently discovered spin-orbit torque (SOT) effect 11 . The sensor exhibits the same sinusoidal angular dependence as the TMR 3 and GMR sensors do, but it is structurally much simpler, and thus can potentially lead to an angular position sensor with a much lower cost as compared to its GMR and TMR counterparts.
The SOT in heavy metal (HM) / ferromagnet (FM) heterostructure has been investigated extensively in recent years as a promising mechanism for magnetization switching and related applications. Although the exact mechanism is still being debated, it is generally accepted that two types of torques are present in the HM/FM heterostructures, one is called field-like (FL) and the other is (anti)damping-like (DL). Phenomenally, the two types of torques can be modelled by ⃗ ̂ ̂ and ⃗ ̂ ̂ , respectively, where is the magnetization direction, ̂ is the in-plane current density, ̂ is the interface normal, and and are the magnitude of FL and DL torques, respectively [12] [13] [14] . If does not change significantly, the two torques can be expressed in the form of ⃗ ⃗ , where ⃗ is an effective field. The change of AHE and PHE signal induced by the SOT effective fields can be derived analytically by assuming (1) the effective field is much smaller than the externally applied field and (2) both the in-plane magnetic and shape anisotropy of the FM layer can be neglected. The former allows one to evaluate the influence of effective field using first order approximation whereas the latter makes it possible to decompose the effective field into different components and calculate their effects on the magnetization separately [18] [19] [20] . The first assumption is based on the fact that the effective fields at the current density used in our experiments are at least one order of magnitude smaller than the external field, and the second assumption is due to the actual sample geometry used in the experiment. Based on these assumptions, the Hall voltage can be written as 
where and are the half peak-to-peak voltage of AHE and PHE, respectively. Since the current induced field is small, its contribution to Hall voltage can be approximated as
where ∆ and ∆ are the change in polar and azimuthal angle of the magnetization caused by the current induced field.
In the present case, since a symmetrical Hall cross is used, the in-plane shape anisotropy in the central cross region is negligibly small, and therefore, we can assume that /2
and when the applied field is in the xy plane. Any deviation of from /2 is caused by field misalignment. As discussed above, when a current flows in the sample, ⃗ will be induced, which will affect the equilibrium magnetization direction. Since ⃗ is much smaller than ⃗ , the current induced change in and can be estimated using the first order approximation [18] [19] 
It is apparent that, the effective field induced Hall signal has two components: one is due to AHE and the other is related to PHE. Figs. 1(b) and 1(c) show the normalized AHE and PHE signal as a function of . As we will discuss shortly, the PHE contribution is typically one order of magnitude smaller than that of AHE; therefore, it can be subtracted out from the overall output signal by treating its amplitude as a fitting parameter. Once the PHE component is removed, the output signal will be proportional to ; therefore, the Hall cross functions effectively as an angle sensor. The advantage of using SOT Hall device is that, any offset in the device can be readily compensated by measuring the Hall voltage using two consecutive pulses with opposite polarity and then adding up the two measurement results to generate the output signal. This is possible because ∆ ⃗ is an even function, whereas the offset voltage ⃗ is an odd function of the driving current. The output signal is simply given by 2∆ ⃗ .
We crosses. The slight deviation from the exact cosine or sine shape is due to the fact that the measured differential Hall voltage contains both AHE and PHE contributions, as described by Eq. (3). In order to obtain pure cosine and sine signals so as to calculate the field angle, we have to subtract out the PHE contribution from the measured signals. As the absolute value of PHE contribution is unknown, we perform the curve fitting on ∆ using the following equation:
where and are the coefficient of AHE and PHE component, and are the angle and voltage offset, respectively. After the best fitting is obtained, we can subtract out the PHE contribution to obtain cos , which is given by
Similarly, from the output of sensor B, we can extract sin , which reads
The best fitting of the curves shown in Figs The detected field angle can be calculated from the corrected and normalized sine and cosine signal as follows:
2 sin , cos /2.
As there is a difference of 0. We have also performed the same measurements and data fitting for 250, 1000 and 2000 Oe. The maximum, minimum and average angle errors are summarized in Table I . In general, both the maximum and average errors become smaller when the field strength increases.
With an applied field above 500 Oe, the angle error is comparable to most commercial GMR and TMR based angle sensors [21] [22] , though the SOT based device has a much simpler structure. 
